Information that is normally accessed through a sensory modality (substituted modality, e.g., vision) is provided by sensory substitution devices (SSDs) through an alternative modality such as hearing or touch (i.e., substituting modality). SSDs usually support disabled users by replacing sensory inputs that have been lost, but they also offer a unique opportunity to study adaptation and flexibility in human perception. Current debates in sensory substitution (SS) literature focus mostly on its neural correlates and behavioural consequences. In particular, studies have demonstrated the neural plasticity of the visual brain regions that are activated by the substituting modality. Participants also adapt to using the devices for a broad spectrum of cognitive tasks that usually require sight. However, little is known about the SS experience. Also, there is no agreement on how the phenomenology of SS should be studied. Here, we offer guidelines for the methodology of studies investigating behavioural adaptation to SS and the effects of this adaptation on the subjective SS experience. We also discuss factors that may influence the results of SS studies: (1) the type of SSD, (2) the effects of training, (3) the role of sensory deprivation, (4) the role of the experimental environment, (5) the role of the tasks participants follow, and (6) the characteristics of the participants. In addition, we propose combining qualitative and quantitative methods and discuss how this should be achieved when studying the neural, behavioural, and experiential consequences of SS.
1. Introduction
Sensory substitution
Sensory substitution (SS) occurs when perceptual information normally accessed through one sense (substituted modality, for example, vision) is instead represented by another sense (substituting modality, for example, touch. See, for example, Stiles & Shimojo, 2013) . SS is usually possible thanks to sensory substitution devices (SSDs): simple robotic systems equipped with sensors (e.g., camera, ultrasonic, infrared, etc.) and stimulators (e.g., vibrational motor, headphones, etc.) . Sensors gather environmental data typically available through the substituted modality (e.g., colour, distance to the object). The data are then translated by a coupling system into a signal (e.g., vibration or sound of given characteristics) and delivered to a substituting modality by stimulators (Bach-y-Rita & Kercel, 2003) . SSDs were initially designed to aid visually impaired people. For example, the earliest SSDs -Tactile Visionbacks of participants. The coupling system converted visual information into vibratory or direct electrical stimulation, so the environmental characteristics typically accessed by vision were delivered instead by the tactile perceptual modality. We can distinguish two main categories of SSDs: tactile SS systems (visual-to-tactile SSDs, which convert images into tactile stimuli) and auditory SS systems (visual-to-auditory SSDs, which convert images into sounds).
One of the most popular of the visual-to-tactile devices is the tongue-attached BrainPort (Bach-y-Rita et al., 1998) .
1 This is an electronic device that provides electro-tactile stimulation to aid blind people with information that is usually visual, such as object recognition or orientation. The BrainPort consists of three elements: (1) a wearable video camera mounted on a pair of sunglasses that sends the image to a control unit; (2) a control unit, which converts the image to a low-resolution greyscale picture; and (3) a grid of 400 electrodes where the image is recreated (every electrode pulses according to how much light is in this fragment of the picture). BrainPort can recognize the shape, size, orientation, and motion of objects due to the gentle bubble-like patterns on the tongues of users.
The most commonly used visual-to-auditory devices are the vOICe, developed by Peter Meijer (1992) ; 2 prosthesis substituting vision with hearing (PSVA) developed at the Neural Rehabilitation Engineering Laboratory by Capelle and colleagues (Capelle, Trullemans, Arno, & Veraart, 1998) ; and the colour-to-sound SSD EyeMusic designed by Amedi and colleagues (Abboud, Hanassy, Levy-Tzedek, Maidenbaum, & Amedi, 2014) .
3 Different image-to-sound mappings are employed by each of those devices. For example, the vOICe uses a sweep-like technique to generate auditory representations called soundscapes which map the x-axis of an image to the time domain (an image is scanned from left to right and the timing of the corresponding sounds represents the position on the x-axis) and the y-axis to the frequency domain (i.e., a given pixel on the y-axis is represented by sound volume, from low to high, for the bottom to top of a picture, see Meijer, 1992) . The vOICe consists of a video camera attached to sunglasses that sends a realtime video signal to a computer. The coupling system transforms the signals into sounds (according to the algorithm described above) and sends them to the earphones.
Initially expensive and unattainable, some SSDs are now commercially available, for example, BrainPort (Bach-y-Rita et al., 1998) , the colour-to-sound SSD EyeMusic (Abboud et al., 2014) and the vOICe (Meijer, 1992) .
Research on the SS experience
Apart from applied studies investigating adaptive behaviour in humans with perceptual deficits, SS has been systematically studied to investigate the general flexibility of human perception (e.g., Auvray & Farina, 2014; Auvray & Myin, 2009; Block, 2003; Farina, 2013; Kiverstein, Farina & Clark, 2014; Renier et al., 2005) , consciousness (e.g., Hurley & Noe¨, 2003; Kiverstein & Farina, 2012; Pepper, 2014) , and adaptation to SS during training (Froese, McGann, Bigge, Spiers, & Seth, 2012; Haigh, Brown, Meijer, & Proulx, 2013) . For example, SS research provides information about the effects on perceptual experience of cortical reorganization following sensory deprivation (Amedi et al., 2007; Proulx, 2010) and the influence of different sensorimotor contingencies on perceptual experience (Brown, Macpherson, & Ward, 2011; Hurley & Noe¨, 2003; Nagel, Carl, Kringe, Ma¨rtin, & Ko¨nig, 2005; O'Regan, 2011) . Also of special interest to SS researchers is the relation between the activation of primary sensory cortical areas and the quality of sensory experience as well as the relation between the quality of sensory experience and performance accuracy (i.e., object recognition or location; Stiles & Shimojo, 2013) . Importantly, the aforementioned effects were observed not only in the context of early development or in clinical conditions, but also for sighted adults that had used SSDs. Thus, SS provides opportunities to study adaptive behaviour in perception and the neural, behavioural, and experiential flexibility and plasticity of human cognition.
Research on SS may contribute to understanding the mechanisms of the reorganization of neural connections, since neural plasticity is often a consequence of SS (Deroy & Auvray, 2012; Hurley & Noe¨, 2003; Proulx, 2010; Stiles & Shimojo, 2013) . Investigating the neural consequences of SS may also bring new insights to the problem of consciousness, as SSrelated neural activity can change its function and qualitative expression. According to Hurley and Noe( 2003) , investigating neural plasticity can serve as a broad framework within which explanatory gaps may be investigated. Thus, SS studies might help to understand why given brain activity correlates with one but not another perceptual experience (intermodal comparative gap), and why a given activity correlates with one qualitative property (e.g., experience of the colour red) rather than another (e.g., experience of green: intramodal comparative gap, Hurley & Noe¨) . Finally, SS research provides a unique opportunity to investigate the phenomenology of perceptual experience (Auvray, Hanneton, & Regan, 2007; Froese et al., 2012) . As one sense is substituted by another, an interesting question arises concerning whether the subjective experience of participants is similar to the substituted modality, the substituting one, or maybe to a 'new' perceptual modality that appears in their subjective experience? One particularly disputed issue is how to describe the relation between the adaptive behaviour and perceptual experience reported by participants who have mastered the use of an SSD (Alfaro, Bernabeu, Agullo´, Parra, & Ferna´ndez, 2015; Amedi et al., 2007; Auvray & Farina, 2014; Farina, 2013; Merabet et al., 2009; Ward & Meijer, 2010; Ward & Wright, 2014) . Here, the research aims to address the question of whether the adapted and flexible usage of an SSD is associated with qualitative and quantitative changes in the subjective experience of SS.
Methodology of SS research
The interactions between neural plasticity, adaptive behaviour, and conscious experience are of interest in studies on SS. Therefore, there is a need to examine the subjective SS experience in the context of neural activity and task performance. To do so, one should propose a method that provides comparable and generalizable data on the subjective experience of SS, and then associate them with observed behaviour or neural activation. The results of such a study should be interpretable in the context of previous observations and pre-existing theories. We will show that these requirements are challenging due to the variety of tasks, devices, methods, and experimental conditions that have been adapted in previous studies on SS. While some of them were not based on rigorous analysis (especially when first-person perspective methods were employed, see: Auvray et al., 2007; Froese et al., 2012) , comparisons between different studies investigating SS might be challenging.
In the following sections, we discuss methods frequently used to investigate the subjective SS experience and emphasize their advantages and limitations. We also propose ways in which to investigate subjective experience of SS more objectively by controlling both the experimental design and the method of data collection. We also propose a few solutions to the problem of describing and making inferences about the experiential aspects of SS.
Research on the subjective experience of SS
Even though SSDs have been developed and tested for almost 50 years, the phenomenal qualities of the firstperson experience of SSD usage are still widely debated (Auvray & Myin, 2009; Brown et al., 2011; Deroy & Auvray, 2012; Proulx, 2010; Proulx & Stoerig, 2006; Stiles & Shimojo, 2013; Ward & Wright, 2014) . Discussions concern three main issues: (1) qualitative (so-called phenomenological) 4 characteristics of subjective perception as experienced with SSDs (e.g., Block, 2003; Prinz, 2006) , (2) the influence of active engagement on these characteristics (the embodied account, see, for example, Auvray & Myin, 2009; Farina, 2013; Grespan, Froese, Paolo, & Di Seth, 2008; Hurley & Noe¨, 2003; Kiverstein et al., 2014) , and (3) methods used to collect accurate, reliable, and unbiased descriptions of the SS experience (Froese, 2013; Froese et al., 2012; Petitmengin, 2006) .
Debate on the first-person experience of SS revolves around the more general issue of the individuation of senses (Deroy & Auvray, 2014; Farina, 2013; Kiverstein et al., 2014; Macpherson, 2011) . One of the most influential approaches to this problem was proposed by Grice (2002) , who differentiated senses according to four main criteria: phenomenological criterion, object criterion, stimulation criterion, and processing criterion 5 (Deroy & Auvray, 2014; Macpherson, 2011) .
Following this differentiation, we can discuss what it means to 'see'. SS studies provide a unique opportunity to investigate this issue, offering an empirical way of studying the famous Molyneux problem (Locke, 1836)? 6 Using an SSD device we can investigate whether eyes are indeed necessary for vision and, consequently, whether a congenitally blind person can 'see' with SSDs or have visual-like experiences. Answers to these questions depend on the criteria one uses to make distinctions between senses (Kiverstein et al., 2014) . Following Grice (2002) , we can argue that SS allows phenomenal and object criteria to be disentangled from stimulation and processing criteria. On the other hand, according to 'the sense organ account' (Roxbee-Cox, 1970), we should assume that we can see only with the eyes and therefore the SS experience cannot be visual. Interestingly, people aided with SSDs often adapt to the stimulation and report 'vision-like' experiences (a more detailed analysis of the taxonomy of senses can be found in Macpherson, 2011) .
Studying the SS experience is also problematic due to the differences between SSDs and the complexity of the research protocols. SSDs differ importantly in terms of substituted and substituting modality, mapping algorithm, usability, and many other features. For example, BrainPort is a visual-to-tactile device that transforms images into electro-tactile information; the vOICe is a visual-to-auditory system that generates auditory representations called soundscapes. Even SSDs within one category differ substantially, not only in terms of the sensory characteristics that are substituted, but also in the reliability and clarity of the information provided by them. For example, the vOICe does not provide users with information about colour, whereas EyeMusic does (see: Abboud et al., 2014) . EyeMusic recognizes five colours, whereas See Colour recognizes seven (Bologna, Deville, & Pun, 2009 ). In addition, SS study procedures differ significantly, which impedes generalization of results and makes betweenstudy comparisons impossible. Consequently, theoretical reflection on the results and conclusions on the flexibility of human cognition based on SS studies seems very difficult. Here, we offer a review of the studies investigating the SS experience, with guidelines on how SS studies should be planned and executed.
Up-to-date data concerning changes in the SS experience during the process of adaptation to SS situations were collected with three types of methods: neuroimaging (e.g., , thirdperson perspective behavioural methods (e.g., Nagel et al., 2005) , and first-person perspective self-report methods (e.g., Froese et al., 2012; Ortiz et al., 2011) . These methods aim to match neural, behavioural, and experiential levels of human perception, respectively.
Neuroimaging studies of SS
Multiple studies have investigated the neural underpinnings of SS (Alfaro et al., 2015; Amedi et al., 2007; Ortiz et al., 2011; Poirier, De Volder, Tranduy, & Scheiber, 2006; Poirier, De Volder, Tranduy, & Scheiber, 2007; Striem-Amit, Cohen, Dehaene, & Amedi, 2012) . Most of them employed tracking activation in sensory cortices of substituted and substituting modalities and changes in activations that reflect neural adaption following training with a particular SSD. In the latter case, the activation of cortical areas that are usually engaged in processing stimuli from a substituted modality (mostly vision) are investigated in sighted, late-blind, and early-blind participants (Amedi et al., 2007; Ortiz et al., 2011; Poirier, De Volder, et al., 2006; Poirier, De Volder, Tranduy, & Scheiber, 2007; Striem-Amit et al., 2012) , providing different results depending on the research group.
Multiple aspects of substituted visual perception have been investigated, providing evidence for neural adaptation to object recognition (Amedi et al., 2007; Proulx et al., 2013) , pattern recognition (Poirier, De Volder, Tranduy, & Scheiber, 2007) , letter recognition (Striem-Amit et al., 2012) , object localization, and spatial orientation (Plaza, Cuevas, Grandin, De Volder, & Renier, 2012; Proulx et al., 2013) . For example, functional magnetic resonance imaging (fMRI) studies investigated object recognition when shape information was extracted from visual-to-auditory SS soundscapes (The vOICe device. See: Amedi et al., 2007) . Activation of the lateral-occipital tactile-visual area (LOtv, the sub-region of the lateral occipital complex, LOC) was observed in blindfolded, sighted, and blind participants under SS conditions. This region is normally activated in object recognition with both visual and tactile information; however, it is not recruited when the object is recognized by its typical sound or when a participant learns to associate a specific object with a specific sound. Thus, LOtv activation seems to reflect the presence of shape-related information, regardless of the sensory information involved.
Similarly, an fMRI study proved that the visual word form area (VWFA) in blind participants is engaged during visual-to-auditory SS (The vOICe) (Striem-Amit et al., 2012) . The VWFA activation was selective and specific to the processing of letter soundscapes. This indicates that the region is category specific, regardless of sensory modality input. In the same vein, Plaza et al. (2012) investigated brain activity during location and orientation tasks for simple 'visual' stimuli with a visual-to-auditory SSD (PSVA device). They found that performance of location and orientation tasks induced similar frontoparietal network activation in blindfolded and sighted participants in SS and in the visual condition. This again suggests that SS correlates are not modality specific. The role of the dorsal visual pathway in spatial processing is more general as this area indicates multisensory recruitment. In the context of these studies, an interesting question arises: if neural correlates of object recognition, letter recognition, and object localization using SSDs are category specific rather than modality specific, can we really infer the qualitative character of the SS experience based on these studies? It seems doubtful that the categoryspecific areas recruited during different tasks with different SSDs always result in a similar experience of visual quality or 'vision-like' experience (Ward & Meijer, 2010) . By a 'vision-like' experience, we mean an experience similar to vision or visual imagery, but not natural vision. It is important to note that SS does not allow the smooth object tracking and depth experience that are typical of natural vision. However, do SSDs offer a 'vision-like' experience? Assuming that SS induces a 'vision-like' experience that is possible due to visual imagery, we need to ask if visual imagery activates the visual cortex. It is still a matter of debate whether early visual areas contribute to visual imagery, but meta-analyses of the neuroimaging literature have shown that this is possible, at least under specific conditions (for details, see, Sparing et al., 2002) . In the same vein, transcranial magnetic stimulation (TMS) studies have shown that visual cortex excitability increases when visual imagery is present (Sparing et al., 2002) . Finally, it has been found that mental pictures have an impact on conscious perception and disrupt perceptual rivalry (Pearson, Clifford, & Tong, 2008; Slotnick, 2008) .
Another line of evidence supporting the role of the visual cortex in the SS experience is provided by Repetitive TMS (rTMS) studies. This technique is often used to investigate the causal link between neural activation of a specific brain area and subjective performance as it introduces changes in brain activation in a specific brain region (however, see Paulewicz & Wierzchon´, 2015) . These studies show the effects of rTMS applied to the right dorsal extrastriate occipital cortex of early-blind and sighted participants trained on an auditory-for-visual SSD just before pattern recognition using a PSVA device (Collignon, Lassonde, Lepore, Bastien, & Veraart, 2007). rTMS stimulation disrupted the recognition abilities of early-blind participants, whereas sighted participants showed no performance change. rTMS was also used in a case study involving a late-blind super-user 7 of a visual-toauditory SSD (The vOICe, participant PF (Merabet et al., 2009) ). Deactivation of the occipital peristriate regions with this technique caused a fall in recognition accuracy. To sum up, rTMS studies confirm that the occipital cortex is recruited during SS tasks in blind participants. This seems to be an effect of long-term cross-modal plasticity resulting from adaptation to visual deprivation. Some researchers claim that the cases of cross-modal plasticity confirm the hypothesis that sensory areas may process inputs from other modalities (Kiverstein et al., 2014; Pascual-Leone & Hamilton, 2001; Proulx, Brown, Pasqualotto, & Meijer, 2014) . Pascual-Leone and Hamilton (2001) argued for a meta-modal organization of the sensory cortex to emphasize that it potentially processes information from other modalities.
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Although some neuroimaging studies suggest that different tasks and different SSDs (both visual-totactile and visual-to-auditory) activate brain regions usually related to vision, it is difficult to draw conclusions on the nature of perceptual experience based on this data. First, some neuroimaging studies did not show activation of the visual cortex under SS, especially in blindfolded, sighted participants (Arno, De Volder, et al., 2001; Ptito, Moesgaard, Gjedde, & Kupers, 2005) . This may serve as a counter-argument to the vision-like character of the SS experience. In the same vein, two early positron emission tomography (PET) studies comparing brain activation in early-blind and in blindfolded sighted participants showed different activations for groups using different SSDs and different tasks. In particular, the first study examined brain activity during pattern recognition with a visual-to-tactile SSD (Arno, De Volder, et al., 2001) . The second study investigated pattern orientation with a visual-to-auditory SSD (Ptito et al., 2005) . Both studies found brain activity in the extra-striate cortex (BA 18 and 19) in earlyblind participants, but not in sighted ones. This seems to contradict another fMRI study with a similar pattern recognition task which showed increased activation of extra-striate areas in sighted participants after training with an SSD (Poirier, De Volder, Tranduy, & Scheiber, 2007) . However, suggest that absence of occipital activation in sighted participants in early PET studies may be a result of the poor sensitivity of this technique compared to fMRI.
When looking at all these inconsistent results, it seems crucial to interpret them within a single theoretical model of SS. proposed such a general model and distinguished two different processes that may be responsible for the visual area recruitment observed in SS studies: cross-modality, which seems to be a predominant process in early-blind participants, and mental (visual) imagery, which is probably predominant in blindfolded, sighted participants. The model proposes that the SS experience has a vision-like perceptual nature in sighted participants, whereas in blind participants it is instead related to the substituting modality (auditory or tactile experience). 9 Although the model provides an interesting insight into the SS experience, it does not respond directly to the question of the nature of perceptual experience under SS. First, some neuroimaging studies claim that late blind participants trained with SSDs report a vision-like experience. These subjective reports correlate with activation of the occipital lobe, whereas the correlation is not observed in those who do not report a vision-like experience (Ortiz et al., 2011) . However, it is difficult to determine whether participants have a real vision-like experience (that is activated automatically), or whether they instead exhibit vision-like imagery. 10 The latter might be a top-down mechanism in late blind (and sighted) people who might use their stored visual memories (spontaneous or purposeful visualization) in order to interpret SS stimulation (Stiles & Shimojo, 2013) . Similarly, it is also difficult to conclude whether a colour perceived with a visual-to-auditory SSD induces synesthetic experience, or whether it is only perceived due to a visual imaginary process (Stiles & Shimojo, 2013) .
To sum up, apart from the ambiguous results of neural imaging studies, it is disputable whether an observed activation in the visual cortex reflects the vision-like nature of the SS experience. This kind of investigation should be supported and enriched by behavioural data and more detailed and deliberated self-reports.
Behavioural studies of SS
Another group of studies investigates the subjective perceptual experience of SS with a third-person perspective approach based on behaviour observation. Participants are asked to perform tasks that typically demand access to a given modality but using an SSD that substitutes it with another modality. The level of task performance is subsequently measured in order to capture the progress in behavioural adaptation. Researchers try to infer the phenomenal aspect of SS from quantitative examination of goal-related behaviour. For example, the performance level is measured with various SSDs in an object recognition task (with PSVA - ; with the vOICe- Brown et al., 2011; Kim & Zatorre, 2008 In the case of behavioural studies on SS, the main issue is whether task performance accuracy is based on a substituting modality (e.g., sound) or is comparable to task performance based on the substituted modality (e.g., vision). However, whether the comparable performance accuracy proves the similar phenomenal quality of the experience of substituted and substituting modalities seems disputable. For example, performance in a depth perception task with a vision-to-sound SSD is compared to task performance with access to visual information (Renier & De Volder, 2010) . If an SSD user is able to perform correctly (i.e., comparable to the control, vision-based condition) a task that normally requires vision (substituted modality), it is assumed that the SS experience resembles the substituted modality (e.g., vision-like experience) (Renier & De Volder, 2010) . Another argument for the vision-like character of a visual experience that has been substituted with PSVA emerges from a study investigating the Ponzo illusion -the purely visual effect that seems to be evoked under SS 11 (Renier et al., 2005) . However, the fundamental theoretical and philosophical doubts similar to the one discussed in the case of neuroimaging studies on SS are still preserved. Similar task behaviour seems to be a very weak argument for the nature of phenomenal qualities. It is highly doubtful that the function of the specific perceptual modality equals the phenomenal quality of perception under this modality.
Furthermore, several methodological difficulties emerge with behavioural operationalization of subjective experience, for example, the untranslatability of data accessed from a third-person perspective into information about the subjective content of the conscious experience, as well as the incommensurability of both perspectives. In addition, the qualitative variety, complexity, and individuality of subjective experience are not reflected in behaviour that is relatively unified among participants (and under typical experimental conditions, averaged for statistical purposes) (Haigh et al., 2013) . It seems that inferring the phenomenal experience of an SSD user from their behaviour oversimplifies the problem and does not really say anything about the experiential qualities of the SS experience. Even if a task that normally engages vision (e.g., size of space estimation tasks) is accurately performed in the SS condition, it does not necessarily mean that it is accompanied by a vision-like subjective experience (i.e., phenomenal quality cannot be simply inferred from behaviour). This is because there are multiple examples of the same task being performed with the use of two different modalities (e.g., a size estimation task can be performed with both touch and vision, see : Block, 2003; Prinz, 2006) . The subjective, private, first-person experience in an untypical SS situation might be of any kind and should be investigated using more precise methods that focus on the quality of subjective experience. We discuss this issue in more detail in the following sections.
Conclusions and challenges of studies investigating the subjective experience of SS
Investigation of the SS experience is difficult for at least two reasons. First, using an objective third-person perspective approach, one cannot get an insight into the subjective experience of SS simply because it is not directly available to this kind of method. One cannot infer anything about the content and characteristics of subjective experience from behavioural and neuroimaging data. As we showed above, research based on behavioural and neuroimaging measures provides ambiguous and often trivial conclusions on the subjective SS experience. Thus, we believe that research investigating the SS experience should apply an experimental protocol that makes use of established methods of collecting first-person self-reports that will be later rigorously analysed. Second, in most of the studies presented in the previous paragraphs, the subjective SS experience was not investigated systematically. Participants were sometimes asked to describe their subjective experience in the course of the experiment, and these free reports were collected and reported (see, for example, Grespan et al., 2008; Nagel et al., 2005; Ortiz et al., 2011) . Although uncontrolled, this anecdotal data provided additional information that helped to formulate conclusions on the behavioural and neural adaptation (see, for example, Ortiz et al., 2011) . It is clear that to answer the question of the subjective SS experience, we should use this data more often and more systematically. Nevertheless, the authors claimed that their conclusions were based exclusively on objective and controlled measures, not the reports (see, for example, Ortiz et al., 2011) . Several attempts have been made to directly investigate the subjective SS experience with self-reports. Most commonly, researchers applied interviews (Karam, Russo, & Fels, 2009; Nagel et al., 2005) , questionnaires (Abboud et al., 2014; Auvray et al., 2007; Froese et al., 2012; Karam et al., 2009) , and free reports (Grespan et al., 2008; Maidenbaum et al., 2012; Ortiz et al., 2011) . The studies usually adopted some initial assumptions about SS phenomenology. Such a confirmatory approach helped to test hypotheses (e.g., whether the SS experience has qualities of substituting or substituted sensory experience, see Froese et al., 2012) . However, this leaves no place for reports on experience that was not expected (especially when we predict SS experience may resemble neither substituting nor substituted, but rather an entirely new perceptual modality, for example, artificially induced vision-like synaesthesia, see Ward & Meijer, 2010 ; or a new kind of perception, see Auvray et al., 2007; Auvray & Myin, 2009; Farina, 2013; Kiverstein et al., 2014) . Thus, initial theoretical assumptions should not restrict research procedure. In the same vein, not only the final, static qualitative character of the SS experience should be investigated. Emergence of a new perceptual domain has certain dynamics that necessarily influence conscious experience. Thus, the dynamic changes of experience in time resulting in neural and behavioural adaptation the SS situation should be investigated.
The other methodological problem is that the number of participants in SS studies is often low (see, for example, Auvray et al., 2007; Merabet et al., 2009 ), so it is hard to draw any general conclusions on the nature of the SS experience (especially when participants do not have enough training with the SSD). Moreover, participants are often treated as experts after 15-20 h of training, which is not enough to acquire real expertise in SSD usage. The real experts, the so-called superusers, use SSDs for years during their daily activities, but the number of such participants is very limited, and they are usually blind people who use SSDs to assist their everyday activities.
To sum up, to resolve all the aforementioned issues, a unified research programme investigating the SS experience with both subjective and objective methods seems necessary. Among others, it should allow description of the qualitative character of the SS experience. Therefore, it is worth adapting a systematic, open-ended exploratory approach to investigate the temporal dynamics of the SS experience. We suggest using semi-structured interviews combined with a set of quantitative, objective measures. However, before presenting the approach, we need to take a closer look at how the research procedure itself may influence the subjective experience of SS.
Influence of the study design on the SS experience
Several aspects of SS studies may influence the subjective experience of participants. Thus, it seems necessary to take a closer look at typical research design, result analyses, and interpretation. The SS experience is highly dependent on the type of SSD, the experimental environment, the type of task requiring an SSD, and much more. The lack of control over these aspects of SS studies and incomplete descriptions of the procedures may hinder interpretation and comparison of results between different studies. Furthermore, the research design of studies investigating the SS experience often depends on the theoretical assumptions, for example, different questions on the SS experience will be asked by a proponent of the cognitive approach to perception than by a proponent of the enactive approach (see Brown & Proulx, 2016; Froese et al., 2012; Hurley & Noe¨, 2003; O'Regan & Noe¨, 2001; Thompson, 2005) . The former will focus on mechanisms of perception; the latter will focus on the acquisition of sensorimotor contingencies, assuming that different sensorimotor contingencies acquired in the context of different actions can influence perception (and thus the subjective experience of participants -see Briscoe & Grush, 2017; Noe¨, 2004) . We suggest that when designing experimental procedures for studies investigating the SS experience, one should consider the following factors that may influence the results: (1) SS device (i.e., how the applied SSD influences the quality of the SS experience), (2) access to other modalities (i.e., whether participants have access to other sensory modalities when using an SSD), (3) form of training (i.e., whether participants have access during training to the sensory information to be substituted), (4) the type of environment and the task, and (5) the characteristics of the participants (i.e., whether various groups of participants differ in terms of the quality of their experience, for example, due to previous knowledge about the SS phenomenon). In the following sections, based on the results of previous studies, we will discuss the impact of these aspects on the SS experience.
Influence of a device on SS experience
Even though studies investigating the SS experience make use of various kinds of SSD, little is known about the specificity of experience related to particular SSDs. So far, no comparative studies devoted to the SS experience with different kinds of SSD (e.g., using various visual-to-auditory vs. visual-to-tactile SSDs) have been conducted. When designing an experiment, one should consider differing aspects of various SSDs that may affect the results, such as sensorimotor contingencies, modality-specific processing, and algorithms.
Selection of an SSD in studies investigating the SS experience depends on the theoretical perspective and technical aspects. As an example of the former, an enactive approach assumes that sensorimotor contingencies associated with a given SSD are crucial, thus they should be compared between SSDs and those typical of the substituted modalities. For example, Brown and colleagues (2011) found that sensor location (handvs. head-mounted) influences task performance and concluded that some sensorimotor contingencies are more appropriate for fulfilling specific behavioural tasks (i.e., hand-held SSDs are better for object recognition, while head-mounted SSDs are better for object location). An example of the latter is how a given SSD impairs normal processing in the substituting modality (e.g., by blocking a perceptual channel). For example, SSDs based on vOICe exclude at least one auditory channel and disable normal auditory processing. On the other hand, the Enactive Torch (Froese et al., 2012) , a minimal hand-held distal-to-tactile SSD, is intended to be a transparent interface that should not impair normal tactile processing. Finally, algorithms translating substituted to substituting modality also influence perceptual experience with SSDs. For example, it is questioned whether they should be based on known cross-modal congruencies (such as correspondence between pitch height and light intensity or spatial location, see Stiles & Shimojo, 2013) . Interestingly, it has been shown that an algorithm following a typical cross-modal congruency might be less efficient than one that ignores them (Brown et al., 2011) .
Given all these issues, we suggest choosing an SSD that minimally impairs normal processing in the substituting modality. This is especially important in ecological studies that are performed in natural environments. Moreover, the sensorimotor contingencies required by a device should be carefully identified and described. Subsequently, a device should be chosen or designed to minimize similarities of existing sensorimotor contingencies.
Training in usage of SS devices
Another key factor that should be considered is training in the use of SSDs. Several characteristics should be considered here, such as training duration, number of repetitions, feedback, the amount and type of information about the SSD provided to users before training (including the form of instruction), and so on. All of those factors may influence the effectiveness and dynamics of the behavioural and neural adaptation observed in the studies as well as the reported SS experience. Due to the flexibility of human cognition, different types of training may result in qualitatively different effects.
Interestingly, the review of existing studies of SS revealed that training was often not standardized and its parameters ranged widely: from lack of any preparation before the main task (e.g., Maidenbaum et al., 2012) to several weeks of training (e.g., Nagel et al., 2005) ; from full sensory feedback over SS training (e.g., Amedi et al., 2007; Kim & Zatorre, 2008; Nagel et al., 2005; Ptito et al., 2005) to lack of any feedback (e.g., Siegle & Warren, 2010) ; from sensory deprivation (no access to any other senses except the one used by the SSD, see De Volder et al., 1999) to full access to all (including substituted) modalities (Nagel et al., 2005) ; from free exploration of the research environment with the device (Froese et al., 2012 ) through a partly defined protocol of training that was only partially similar to the task used to test the effects of training (Nagel et al., 2005 ) to exactly the same task in the training and testing phases (De Volder et al., 1999) . Strikingly, in some studies no information about the training (Ward & Meijer, 2010) or some of its characteristics (StriemAmit et al., 2012) was provided.
In our opinion, the training should be strictly standardized with respect to these aspects to avoid uncontrolled influences on the SS experience. First, we propose restricting access to (at least) the substituted modality during training. Second, instructions to participants should avoid suggestions about the quality of experience expected with a given SSD 12 to avoid bias in verbal reports. Next, the training should be structured and long, so participants can acquire real expertise in SSD usage. Finally, to prevent interindividual differentiation in acquired sensorimotor contingencies that may influence qualities of perceptual experience (O'Regan & Noe¨, 2001) , the behavioural strategy of participants and the training task applied should be strictly standardized and controlled.
Sensory deprivation
As mentioned above, sensory deprivation while using SSDs may have an impact on the SS experience. This applies not only to training, but also to performance of the tasks the SSD is primary used for (Proulx, Stoerig, Ludowig, & Knoll, 2008) . It has been shown that both temporary (Plaza et al., 2012) and congenital (Abboud et al., 2014) sensory deprivation improve SS adaptation and might result in better task performance. Thus, sensory deprivation may also change the SS experience. 13 Moreover, when restricting senses during training, it is important to which modality the stimulation delivered by an SSD is compared. For example, with distance-tovibration SS (i.e., vision-to-touch), when vision is available during training, participants develop different cortical connectivity patterns compared to training without vision (Stiles & Shimojo, 2013) . Specifically, simultaneous activation of both tactile cortical areas activated by SSD signals and visual areas (in accordance with the Hebbian learning rule: Hebb, 1949) establishes or strengthens connections between these areas. Subsequently, even in blindfolded participants who only have access to tactile input, the visual areas may be reactivated through these connections. In other words, due to simultaneous stimulation of substituting and substituted areas, participants make sense of information delivered by the SSD and associate it with visual information. Thus, the signals from the SSD may later evoke vision-like experience. Thus, differences in access to different modalities (vision, touch, proprioception) during training should influence the SS experience.
Previous studies typically restricted access to the substituted modality (usually by blindfolding participants), but not enough attention has been devoted to ensuring that SSDs do not deliver information additional to the substituting modality. For example, the Enactive Torch delivers information about distance in the form of vibrations (Froese et al., 2012) . Therefore, touch is assumed to be a substituting modality. However, the sound of the vibration may serve as an additional source of information (establishing additional, distance-to-audition SS). When investigating the SS experience, it is crucial to identify what kind of sensory information is available and used with a given SSD. Access to the substituted and unwanted substituting modalities should also be restricted during training and execution of the main task.
Experimental environment and task
According to the enactive approach, perception is not just passive reception of the world, but rather a dynamic, intentional, and purposeful activity (Froese et al., 2012) . Thus, the qualities of perceptual experience depend not only on sensory information, but also on the context in which it has been gathered (e.g., the task and environment in which sensory information is used). Thus, when investigating the SS experience, not only the substituted and substituting modality, but also the context of SSD usage should be identified. In previous SS studies, participants were instructed to perform tasks involving object recognition Brown et al., 2011; Kim & Zatorre, 2008; Ortiz et al., 2011; Ptito et al., 2005) and location (LevyTzedek, Hanassy, et al., 2012; Levy-Tzedek, Novick, et al., 2012; De Volder et al., 1999) , navigation in space (Buchs et al., 2014; Froese et al., 2012; Nagel et al., 2005) , and reading (Striem-Amit et al., 2012) . However, these studies varied in terms of other characteristics, such as the usage of real versus virtual environments or objects, active exploration versus passive acquisition, free exploration versus goal-directed exploration, free versus defined sensorimotor strategy, and so on. For example, virtual reality methodology and passive acquisition of unnatural sensorimotor contingencies (e.g., navigation in a virtual space using a joystick, where sensory input changes with hand movement) seems superficial when investigating purposeful, active, and dynamic subjective experience related to navigation in a real-world-like environment (e.g., Proulx et al., 2008) . We propose that SS studies should make use of an experimental environment in which participants may act and explore naturally. Exploring the existing natural environment may create difficulties in terms of controlling experimental conditions. On the other hand, a natural, real-scale physical space could be explored in a much more ecological way. Thus, we argue that SS studies should make use of standardized, real-scale experimental environments with natural-size standardized objects, so participants may freely explore them (e.g., a room with natural-size objects that could be reproduced in a replication study by another lab). An important challenge is to control the content of experience during exploration, which seems easier when it is task-oriented. In addition, SS studies should take to account the task-dependent differences of the SS experience (Auvray et al., 2007) .
Given all these factors, we believe one should strictly define and control the goal of an experimental task and make it equivalent to real-life situations (real object recognition and location, navigation in real space), so the experimental situation is more natural and ecologically valid.
Participants
Several factors have to be taken into consideration when recruiting participants. First, in our opinion, the researchers themselves should not participate in studies investigating the SS experience (but see : Froese, Spiers, & Bristol, 2007; Nagel et al., 2005) . This might result in experimenter bias and expectations that influence subjective reports and observable behaviour. Moreover, participants with backgrounds in cognitive science (i.e., psychologists, philosophers, neuroscientists, etc.) might describe and interpret their experience in terms of scientific theories, while neglecting aspects of experience that are not predicted. Another important issue is the character of sensory deprivation, namely, how long participants are deprived of a given modality (e.g., congenitally, early, late-blindness, or being temporary blindfolded) and the level of deprivation (full or partial). A history of previous perceptual experiences with a substituted modality might influence the SS experience by means of a different level of cross-modal associations, thus resulting in differences in observed behavioural and neural adaption (e.g., different crossmodal brain connectivity, see Stiles & Shimojo, 2013) . Importantly, in some studies, blind people with different deprivation histories were grouped together and their SS experience was compared with a control group (e.g., Ortiz et al., 2011) . However, an analogical control has not been applied in studies with sighted, blindfolded participants.
In order to maximally control and unify the content of experience, to minimize experimenter and expert biases, and to reduce the differences in neural adaptation in participants with different types of vision deficits, we suggest recruiting naı¨ve sighted participants so as to maximize the between-subject similarity of substituted and substituting sensory cortex organization (Haigh et al., 2013) .
Interviewing on SS experience
The diversity of research protocols and methods applied in SS studies affect our conclusions, so it seems crucial to control the effects of research design on the subjective SS experience and properly choose methods of data collection and analysis. First-person perspective investigation of subjective perceptual experience is challenging, but it seems that self-reports are the only source of data about the experiential aspect of the SS. Thus, employing deliberate, controlled, and rigorous first-person data collection methods seems to be crucial to obtain valuable results. Below we discuss the challenges associated with this task and review the solutions proposed in the previous studies. Although other firstperson data collection methods are also available (e.g., notes and diaries in Descriptive Experience Sampling, Hurlburt & Akhter, 2006) , we argue in favour of using interviews and the Explicitation Interview (Petitmengin, 2006) as an example of a method that may be applied to study the SS experience.
Challenges to direct investigation of subjective experience
The main challenge of studies on the SS experience is the operationalization of subjective experience by means of objective, scientific methodology (Chalmers, 1995) . This difficulty is a methodological equivalent of the so-called 'hard problem' of consciousness, that is, how we form our phenomenal experience. To avoid this problem, one can adapt a deflationary account of the problem of consciousness (Dehaene, 2014; Dennett, 1996) and, in consequence, investigate neural and behavioural correlates rather than the experience itself. As presented above, this strategy has been the most often used in SS studies which infer the subjective SS experience based on objective neural and behavioural data. The other way to address this challenge is to accept the necessity and usefulness of first-person data (Gallagher & Zahavi, 2008; Petitmengin, 2006; Zahavi, 2010) and incorporate appropriate techniques to investigate them (Gallagher, 2010) . Recently, this has become possible thanks to the increasing acceptance of the first-and second-person perspective methods developed by experimental phenomenologists (Albertazzi, 2013) and cognitive scientists (Schmicking, 2010) .
Employing exploratory and open-ended methods seems especially important when research questions concern the unknown qualities of perceptual experience observed under SS. As mentioned before, whether perceptual experience of SS resembles the substituted or substituting modality or constitutes a different or entirely new sense is widely discussed. However, the qualitative methods applied to examine conscious experience are known to cause various difficulties and biases. There are three types of difficulties here as follows: (1) a participant may not be aware of her own experience; (2) language limitations may impede description of the experience; and (3) a researcher may fail to verify what was described. Below we further discuss these three difficulties.
It can be difficult to obtain meaningful reports on subjective perceptual experience because we generally identify objects and their properties in order to purposefully interact with them, not to describe them. With such perceptual transparency, it is even more challenging to interview participants on the characteristics of the perceptual process that allow object identification (as is often the case in SS studies, see Da Pos & Burigana, 2014) . People have considerable difficulties with becoming aware of and focusing attention on the experience of their own mental processes (Petitmengin, 2006) and subsequently describing them. This is why ideas, beliefs, judgements, or other indirect assessments of the experience immediately appear in verbal reports (Froese, Gould, & Barrett, 2011) . The pre-reflexive nature of subjective, lived experience is challenging for scientific investigation that assumes replicability, comparability, and generalizability of research. This is because subjective data are, by definition, unstable, complex, and individual.
Lived experience is also pre-verbal, which seems to be a fundamental obstacle in studies investigating subjective experience with verbal reports. The fine-grained character of subjective experience confronts the coarsegrained character of language, so we may lack the words to describe the former. In addition, since we normally do not talk about our subjective experience with all its subtleties, we do not have immediate access to vocabulary to describe it. Individual literacy level or previous training in phenomenological methods may determine the quality of verbal reports and result in individual differences in reports that do not reflect real differences in subjective experience. However, it is difficult to recognize a participant who lacks access to her first-person perspective.
First-person perspective data are also thought to be unverifiable due to their private character. Therefore, a description of an SS experience should be separated from thoughts and opinions related to this experience. However, they may be indistinguishable to a researcher decoding participants' verbal reports (Petitmengin, 2006) .
Finally, results may also be dependent on the personality and other individual features of a researcher. The quality, course, and results of interviews (the technique frequently used to gather first-and secondperson perspective data) are determined by pre-existing knowledge, presuppositions, expertise, individual competences, and the personality of the interviewer. Moreover, the contextual features of a study may influence the course and outcome of the interview (e.g., interviewee and interviewer having common experiences). This is why a study in which a researcher actively and freely leads the participant interview may reduce the validity of results.
To sum up, the preverbal and pre-reflexive nature of experience -its privacy, complexity, and instability, as well as the subjectivity of both participant and researcher -may affect conclusions on the SS experience. This is why many researchers avoid these kinds of methods and employ objective, indirect measures instead. However, when conscious experience itself is of interest, employing first-and second-person perspective methodology to assure the validity of results seems unavoidable. Moreover, direct description of the SS experience as it is accessed 'from the inside' provides the researcher with more detailed and precise information on its characteristics (Petitmengin, 2006) .
Attempts to overcome the problems in direct investigations of subjective experience
Several attempts have been made to overcome the aforementioned hurdles to studying subjective experience from the first-and second-person perspective. For example, participants may be trained in describing their own experience to become familiar with the suitable vocabulary (Englander, 2012) . In addition, Descriptive Experience Sampling (Hurlburt & Heavey, 2001; Hurlburt & Heavey, 2004) can be used to increase participants' ability to describe their lived, perceptual experience, but not judgements, thoughts, opinions, and so on. However, employing extended training in experience descriptions prior to an actual study is timeconsuming and demands much more commitment than typical research. Moreover, after extended training an individual may have lower motivation, which in turn results in decreased commitment, or even study drop out. Active and long-lasting participation is ensured when researchers themselves participate, or recruit individuals strongly interested in the subject. However, by doing so, one risks pre-existing knowledge and participants' expectations influencing the experience reports. Thus, in our opinion it seems beneficial to recruit participants who are as naı¨ve as possible because familiarity with the discipline, its scientific jargon, the research problem, or the aim of the experiment may strongly influence reports due to their hypotheses and preconceptions. Even extended training of subjective descriptions of experience with a naı¨ve participant could distort reports concerning lived experience in a theorydriven direction.
Another method proposed to overcome the difficulties with accessing and describing subjective, lived experience that is claimed to be suitable even for naı¨ve participants is the Explicitation Interview (Froese, Gould, & Seth, 2011; Petitmengin, 2006; Petitmengin & Bitbol, 2009 ). This method allows one 'to bring a person who may not even have been trained to become aware of her subjective experience and describe it with great precision' (Petitmengin, 2006, p. 229) . Petitmengin has also listed the most important arguments for the pre-reflexive and non-declarative character of conscious perceptual experience: the tendency of attention to disperse; absorption to goaldirected activity (i.e., concentration on what to do, not on how it happens); and lack of ability to distinguish between experience, thoughts or emotions, and a consequential tendency to report representations (i.e., general thoughts, emotions, evaluations etc.). Another important challenge is the impossibility of real-time description of experience. In addition, a lack of training in reflecting on one's own experience and lack of words to describe it make it difficult to recognize its dimensions, aspects, features, and the level of detail.
According to Petitmengin, the Explicitation Interview addresses all those issues. Several techniques are intended to help the interviewer make participants aware of their pre-reflexive and non-declarative lived experiences, as well as disclose, reflect on, and describe them. The point is to enact the experience and to then stabilize attention. In other words, the interviewer should direct a participant to turn her attention from 'what' to 'how', 'from the perceived object to the act of perceiving' (Petitmengin, 2006, p. 240) , and from a general representation to a single experience. Here, not only an adequate, supportive, and non-evaluative flow of the interview is necessary. The interviewer should focus and bring a participant's attention back to the lived experience by repeated instructions, direct references to the experience itself, and regular reformulations of her reports when digressions on thoughts and emotions are reported (Petitmengin, 2006) .
The Explicitation Interview seems an example of an appropriate qualitative method for investigating the SS experience. This is because it makes use of techniques that allow a participant to became aware of and reflect on her pre-reflective experience, as well as to stabilize her attention on it. This is especially important when studying SS because the SS experience is new for participants and thus they lack words to report on it. The Explicitation Interview protocol allows researchers to help participants find the appropriate words to describe their experience. If responses are too general or need to be interpreted, the interviewer may ask additional clarification questions. Follow-up questions help in explicating different aspects of the experience and interpreting participants' statements. In other words, the protocol shows how to help participants to realize, elicit, explicate, and express subjective experiences. This seems especially helpful in SS studies because participants may report entirely new experiences, but there is also the risk that they might impose on these experiences some qualities or descriptions based on the assumptions of interviewers. Thus, when interviewing on the SS experience, it is important to avoid theory-laden statements and questions associated with a particular sense so as to not suggest that any particular sensory modality should be associated with the SS experience.
Conclusion
SS gives a unique opportunity to investigate perception, consciousness, or neural plasticity. It is also a good opportunity to study adaptation and flexibility of human behaviour and neural processing (Froese et al., 2012) . However, despite 50 years of SS studies, the key issue -the character of the subjective SS experience (i.e., what it is like or to which sensory modality it belongs) -is still widely debated (Deroy & Auvray, 2012; Farina, 2013; Kiverstein et al., 2014; Proulx, 2010; Proulx & Stoerig, 2006; Stiles & Shimojo, 2013; Ward & Wright, 2014) . Investigating the SS experience is demanding because it necessarily requires a combination of thirdand first-person perspective methods. Behavioural and neuronal methods do not investigate the experience itself but give access to behavioural and neural correlates of SSD usage. These methods respectively measure the accuracy of performance of SSDs in various tasks (such as navigation in space, object recognition, or neural correlates of the SS experience) or the structural and functional reorganization of the brain that is a result of training with various SSDs. Both types of method generate valuable data, but it is difficult to infer about the subjective SS experience based only on the third-person, objective approach. Importantly, behavioural and neuroimaging studies of SS usually require SSDs to be used in a controlled, experimental environment, whereas the SS experience should be investigated in natural situations and research should capture the changes over the process of the adaptation to the SS. It seems that first-person perspective methods may add additional information to build a more general picture.
Studies investigating the SS experience should also take into account some important features of the experimental design that may affect its results, such as characteristics of the participants, the type of SSD used in the study, access to other modalities, form of training in the use of SSDs, and the type of environment and primary task the SSD is used for. Importantly, we suggest recruiting naı¨ve participants to avoid the influence of their prior knowledge. When selecting an SSD for a given study, one should consider the modalityspecific processing, applied algorithms, and sensorimotor contingencies required. One should also consider which modality needs to be deprived using the given SSD (at least access to the substituted modality should be restricted). We also recommend standardizing the SSD usage training. One should also avoid suggestions on the expected quality of experience with a given SSD that may be provided by the instructions. Finally, the main tasks the SSD is used for should be similar to real-life actions in order to increase ecological validity.
In the final sections of the paper, we propose exploring the nature of the SS experience with first-person methods which may provide additional, useful information when investigating the SS experience. We showed that participants may have difficulties in reporting their lived experience and that the Explicitation Interview may help direct them to its most important aspects. Moreover, we conclude that the interviewer should not suggest associations between the SS experience and any particular sensory modality. This also helps to avoid theory-based expectations about the experience. Additional clarification questions may be asked to interpret vague or confusing statements, and follow-up may explicate different aspects of the experience and deepen reflection on it. In our opinion, the Explicitation Interview allows the SS experience to be studied more reliably than questionnaires.
To sum up, in order to investigate the SS experience, we propose combining qualitative and quantitative methods: cognitive research methods based on task performance, accuracy, and reaction time; neuroimaging methods focused on the neural plasticity of the cortex (associated with substituted and substituting senses); and qualitative methods, such as interviews. In our opinion, only a combination of all these methods allows the subjective characteristics of the SS experience to be fully determined, whereas previous studies have usually focused on one aspect and a limited number of research methods have been applied. We propose developing a standardized research environment and research paradigm combining qualitative and quantitative methods in order to compare the results of different SS studies and listed factors that should be controlled in future SS studies: (1) the type of SSD, (2) the effects of training, (3) the role of sensory deprivation, (4) the role of the experimental environment, (5) the role of the tasks participants follow, and (6) the characteristics of the participants. It seems that progress in studying the SS experience requires more controlled and broader studies on the topic. We hope that this paper may serve as guidelines on how to plan and realize new research programmes investigating the SS experience.
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